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Abstract

We study the potential for precision electroweak (EW) measurements and beyond-the-Standard
Model (BSM) searches using cross section asymmetries in neutral-current deep inelastic scatter-
ing at the electron-ion collider (EIC). Our analysis uses a complete and realistic accounting of
systematic errors from both theory and experiment, and considers the potential of both proton
and deuteron beams for a wide range of energies and luminosities. We also consider what can
be learned from a possible future positron beam and a ten-fold luminosity upgrade of EIC. We
use the SM e ective eld theory (SMEFT) framework to parameterize BSM e ects, and focus on
semi-leptonic four-fermion operators, while for our precision EW study we determine how well the
EIC can measure the weak mixing angle. New features of our study include the use of an up-to-
date detector design of ECCE (EIC Comprehensive Chromodynamics Experiment) and accurate
running conditions of the EIC, the simultaneous tting of beam polarization uncertainties and
Wilson coe cients to improve the sensitivity to SMEFT operators, and the inclusion of the weak
mixing angle running in our t template. We nd that the EIC can probe BSM operators at scales
competitive with and in many cases exceeding LHC Drell-Yan bounds while simultaneously not

su ering from degeneracies between Wilson coe cients.
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. INTRODUCTION

The Standard Model (SM) of particle physics currently describes all known laboratory
phenomena. All particles predicted by the SM have now been found after the discovery
of the Higgs boson at the Large Hadron Collider (LHC). No new particles beyond those
present in the SM have been discovered, and no appreciable deviation from SM predictions
has been conclusively observed. Despite the enormous success of this theory it contains
numerous shortcomings. It does not contain an explanation of the dark matter observed
in the universe nor the baryon-antibaryon asymmetry, and it does not describe neutrino
masses. It additionally su ers from several aesthetic issues such as the hierarchy problem
and an extreme hierarchy of fermion Yukawa couplings. Even the sectors of the theory
that have been experimentally successful still contain unsatisfying and poorly understood
features. For example, the exact composition of the proton spin in terms of the spin and
orbital angular momentum of its constituent quarks and gluons is still poorly known.

Numerous experimental programs that attempt to address these residual issues in our
understanding of Nature are either running or under design. Our focus in this manuscript
will be on the Electron lon Collider (EIC) to be built at Brookhaven National Lab in Upton,
New York. The EIC will be a particle accelerator that collides electrons with protons and
nuclei in the intermediate energy range between xed-target scattering facilities and high
energy colliders. It will provide orders of magnitude higher luminosity than HERA, the only
electron-proton collider operated to date. It will also be the rst lepton-ion collider with
the ability to polarize both the electron and the proton (ion) beams, and the rst collider
with fast spin- ip capacity. These unique design features will allow a direct extraction of
parity-violating (PV) asymmetries in the electroweak neutral-current scattering cross section
associated with either the electron {A%, { or the proton (ion) spin ip { APPY . Experi-
mental uncertainties from e ects such as luminosity measurement and detector acceptance

or e ciency will be substantially reduced due to these capabilities.

Although the EIC was designed primarily to explore outstanding issues in QCD such

4
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as the proton spin issue mentioned above, it additionally has a strong potential to probe
several aspects of precision electroweak (EW) and beyond-the-SM (BSM) physics as well. It
can measure the value of the weak mixing angle over a wide range of momentum transfers
complementary toZ-pole measurements and low-energy determinations. The possibility of
polarizing both electron and proton/ion beams gives it unique handles on BSM physics. Our
goal in this manuscript is to provide a detailed accounting of the EW and BSM potential of
the EIC, with a realistic simulation of anticipated experimental uncertainties. We explore
the use of the asymmetriesA(Pe\), and Aé,p\(,D». In addition to determining the BSM reach of

PV observables, we consider the reach of the lepton-charge asymmehiy., p) at the EIC

for the rst time, assuming a positron beam will become available in the future.

Since no new particles beyond the SM have so far been discovered, we adopt the Standard
Model E ective Field Theory (SMEFT) for our BSM studies. The SMEFT contains higher-
dimensional operators formed from SM elds, assuming all new physics is heavier than both
SM states and the accessible collider energy. The leading dimension-6 operator basis of
SMEFT for on-shell elds has been completely classi ed (there is a dimension-5 operator
that violates lepton number which we do not consider here). We nd that the EIC can probe
the full spectrum of SMEFT operators to the few-TeV level or beyond. The wide variety
of observables possible at the EIC, which include several asymmetries with either proton or
ion beams, ensure that no at directions remain in the Wilson coe cient parameter space,
unlike at the LHC. Our analysis on the determination of the weak mixing angle, assuming a
realistic annual luminosity and accounting for all experimental and theoretical uncertainties
to the best level that can be reached at pre-EIC running stage, found good precision for this
fundamental SM parameter in a kinematic region not explored before. The precision will

continue to improve as data are accumulated from the decades-long running of the EIC.

Our paper is organized as follows: In Section Il, we rst provide a complete descrip-
tion of deep inelastic scattering (DIS) formalism that includes both SM contributions and
SMEFT extensions. The DIS cross sections that account for both electron and hadron polar-
izations are provided in both structure function and parton-model languages. We follow this
theoretical framework by presenting a basic strategy to measure the di erent polarization
components of the cross sections and forming the PV asymmetries at the EIC. Measure-
ment of the lepton-charge (LC) asymmetry is also discussed. In Section Ill, we present

data simulation based on the design of the ECCE Detector (now EIC Detector 1) using

5
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a fast-smearing method and event selection criteria, followed by projections of statistical
precision for PV and LC asymmetries based on the planned annual luminosity of the EIC.
Generation of pseudo data as well as the uncertainty matrix are presented in Section IV,
followed by extractions of the EW mixing angle in Section V. In Section VI, we provide ex-
tensive description of our SMEFT analysis framework, with representative results on single-
and two-Wilson coe cient ts given in Section VII. We conclude in Section VIII. In Ap-
pendix A, we present novel analysis methods to simultaneously t PV asymmetries and the
beam polarization, or LC asymmetries and the luminosity di erence betweea" and e
runs. A complete collection of all SMEFT 1- and 2-Wilson coe cient t results from this

study are given in Appendix B.

II. NEUTRAL-CURRENT DIS MEASUREMENT AT THE EIC
A. Deep Inelastic Scattering and SMEFT Formalism

In this section, we give a brief overview of the formalism for DIS and SMEFT. In particu-
lar, we generalize the SM DIS cross section and asymmetry formulae to include contributions
from SMEFT operators which encode new physics at an energy level that lies well beyond

the electroweak scale. We denote electron scattering o a nucleus as:
K+ HEP) ! C(K)+ X (1)

where" stands for an electron or positron, the hadroid stands for either the proton @) or
the deuteron @), and X denotes the nal state hadronic system. The four momenta of the
initial lepton, nal lepton, and the initial hadron are denoted ask; k% and P, respectively.
Using the momenta of the initial and nal state leptons and the initial state hadron, one

can de ne the following Lorentz invariant kinematic variables:

s= (P + k)% (2)

Q’= (k k9% 3)
Q2

X = m; (4)

y= 2L, ©

W2=(P+k k% (6)

6
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wheres is the center of mass energy square@? is the negative of the lepton four-momentum
transfer squared, the Bjorkenx variable is the longitudinal hadron momentum fraction car-
ried by the struck parton, the inelasticity parametery gives the fractional energy loss of
the lepton in the hadron rest frame, andW gives the invariant mass of the nal state
hadronic systemX. The x;y;s, and Q? kinematic variables are related to each other as

Q? = xy(s M?) whereM is the mass of the nucleon.

FIG. 1. The Feynman diagrams for™ + H ! ~ + X at the parton level from one-boson exchange

(left) and SMEFT contact interactions (right).

The schematic in Fig. 1 shows the partonic tree-level processes that contribute to Eq. (1).
These are the contributions to the total tree-level amplitude from single photon exchange,
single Z%-boson exchange, and the SMEFT contact interactions. The SMEFT Lagrangian

that describes these contact interactions has the form

1 X
Lsverr = -  CGOr + ; (7)

r

where the sum over the index runs over the set of dimension-6 SMEFT operators and the
ellipses denote SMEFT operators of mass dimension greater than 6. We restrict our analysis
to include only the e ects of dimension-6 SMEFT operators since the higher dimensional
operators are formally suppressed by additional powers &?= 2, whereE is the typical
energy scale of the scattering proces€, denotes ther-th dimension-6 operator andC; is
the corresponding (dimensionless) Wilson coe cient arising from integrating out the new
physics degrees of freedom at the -scale. These Wilson coe cients can be constrained
through a comparison of SM predictions with precision measurements of various processes
studied in a variety of experiments across a wide range of energy scales.

The subset of dimension-6 operators that we consider in our analysis of DIS are given in

Table I. We note that there are additional SMEFT operators but they are known to be far

7



175

176

177

178

179

180

181

182

184

185

186

187

188

189

190

192

C o Cr ||, | [o, S| Car
c¥l of=(L. Ly Q) |cPiajrj1j11)1)1
cPloP=(L. 'ty Q) |cPmajr|1]aja]1|1
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Ciel ©Oge=(QL Qu)(er er) Cold | 1[-1|1|1]1]1

TABLE |. List of SMEFT operators relevant to DIS in the basis of SM elds before electroweak
symmetry breaking and rexpressed in the vector and axial-vector current basis after electroweak

P
symmetry breaking: C;Or = C; ;e (¢, Cj, s5)eq (C{,r C;r 5)¢ +

better bounded through other data sets such as precisi@tpole observables, and we neglect
them here. The above assumptions leave us with the seven Wilson coe cients associated
with listed operators which enter the predictions for DIS cross sections and asymmetries.

As seen in Table |, the SMEFT operator9D, are expressed in terms of the basis of SM
elds before electroweak symmetry breaking. For the purposes of DIS phenomenology below
the electroweak scale, it is useful to rewrite these SMEFT operators in the vector and axial-
vector basis using Dirac elds that describe the massive electroneg) @nd quarks () after
electroweak symmetry breaking:

1 X nx 0
Lsverr = — G e (¢, ¢, seg (¢, C, &g + (8)
r f

where the speci ¢ values of the vector and axial-vector couplingg ! and c,, respectively,
for the r-th SMEFT operator follow from the corresponding chiral and avor structure of
the SMEFT operators. The C; coe cients are related to the C, by an overall factor and
can be xed by comparing Egs. (7) and (8). There is freedom to always rede ne thg;
by absorbing an overall factor into thecj"; ¢y couplings. We specify the exact de nitions
we use in Table I. These couplings are analogous to the vector and axial-vector couplings,
oo and gy, of the Z%boson but are instead generated from integrating out UV physics
associated with the scale .

As seen in Fig. 1, the total tree-level amplitude can be decomposed into three contribu-

8
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tions
M =M +Mz+M ; 9)

whereM ;Mz, and M denote the contributions from single photon exchange, singl’-
boson exchange, and the SMEFT operators, respectively. In particulal = M.,
where the sum over the index runs over the amplitudes arising from the SMEFT operators
listed in Table I. Up to leading order in the SMEFT power counting, where only dimension
six SMEFT operators that scale as 1= 2 are kept, the total amplitude squared can be

written as:
iMP?=M +2M ; + Mz, +2M  +2M; ; (10)

whereM =M j>, Mz = jMzj>%2M z =M Mz+M M,,2M =M M +M M ,
and Mz = MM + M M. These denote the single photon exchange amplitude,
single Z%-boson exchange amplitude, interference between the single photon and sintfle
boson exhange amplitudes, interference between single photon exchange and the SMEFT
amplitudes, and interference between the sing’-boson exchange and SMEFT amplitudes,
respectively. Here we ignore thpM j2 contribution since it scales as% 4, formally the same
size as contributions from dimension eight SMEFT operators interfering with the SM. For
the hadron-level cross sections and asymmetries, these di erent contributions will give rise to
corresponding structure functions. In particular, in addition to the usual structure functions
encountered in SM DIS, new structure functions corresponding to SMEFT contributions
will arise. Thus, including SMEFT contributions, the DIS di erential cross section takes

the general form

d2 _2y2n Z Z Zy Z X rpr X Zry Zr °
idy - O L W + 2LZW, + “L*W, + L"W, + L% W,

(11)

where is the electromagnetic ne structure constant. The. ' %% %2" andW %4540 are

the leptonic and hadronic tensors, respectively. The rst three terms on the RHS correspond
to SM contributions fromM , 2M 7 , andM 2z, respectively, and the last two sets of terms
correspond to contributions from SMEFT operators, i.e. @ and 2M ; , respectively.

For completeness, below we collect some useful results to make the form of the cross section

explicit. The dimensionless coe cients ‘%4 ; ', and ' are given by

:1,
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z _ GeMZ @
22 Q2+ M2’
2= 2% (12)
r — CF Qz.
=
2. 2z & Q@
4 2

where Gk = 1:1663787(6) 10 ° GeV 2 is the Fermi constant andM; = 91:1876
0:0021 GeV [1] is the mass of th& boson. The leptonic tensors in Eq. (11) are
L =2 kk°+k% k k% I e k (K9 ;
L% = (g )L
L =(gy  <QR)°L ; (13)
L' = (&, eCa )L
L% = (03, eci,)(g\e/ eOa)L
where = 1;1 denotes the lepton helicity. For positrons, one ips the sign of atj; and
cs, terms above, and the overall sign of # andL " . Using these identities for the leptonic
tensors, EQ. (11) can be written more explicitly as
@@ 2y 2 N
S R A C A 3 L P C A LA
dxdy ()3(
X o]
"oy, &G IW, + (S, RN eGRIW, o (14)

r r

Based on the general Lorentz tensor structure and the available four momenta and the
nucleus spin vectolS , the various hadronic tensors are parameterized in terms of structure

functions as

o h , i
(':)'ﬁq)F5+ 2'(P g P aFi+2as g

h i
SqmWP ;, sq '

where P P q(P o=¢andS: S q(S q=¢ The indexj denotes the

possibilitiesf ; Z;Z; r;Zr g, and F1.,.; and )., denote various unpolarized and polarized

W o=( g +%)F{+

nuclear structure functions, respectively. We have omitted two additional possible Lorentz
structures in the hadronic tensor, typically denoted as they, and gz polarized structure

functions, since these terms give a contribution to the cross section that is suppressed by

10
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M 2=Q? when contracted with the leptonic tensor. Thus, we do not consider thg.; structure
functions in the rest of our analysis. The nucleus spin vectd satis es the constraints
S2= M?andS P = 0. For longitudinal polarization, it takes the canonical form:
S = 4 (pi; Ej%) where  is the nucleon helicity, = 1, and the nucleon four
momentum isP = (E; p).

Based on the structure of the cross section in Eq. (14), in conjunction with the form of
the hadronic tensor in Eq. (15), it becomes useful to de ne the following combinations of

structure functions that also include the SMEFT contributions

SM;NC .
Fi — Fi ; + FiSMEFT

g = g + gSVET (16)

where the SM contributions are given by the commonly known NC structure functions
FMNC = F (g IR P(gR o)

SM;NC

g

G (Y 08)G° + F(gR+ e09)%0 (17)

and SMEFT contributions are given by

X X
FSMEFT = (&, eGRIF (e, G NG eQR)F
X X'
g = G [« (A0 (R 3 [ A )
r r

The parton-model expressions for the SM structure functions are summarized below. We
also provide the corresponding expressions for the structure functions arising from the in-

terference of the SM with SMEFT operators:

LR R R = 0h20igd 6200 26, + i) (@ + 0,
h i x 'h i
FoiF sFE RS FE = 0:2Qr0; 20,05 2Qs Gy 5 2(00 Gy, + GhC,) (0 oF);
ho i, x h . i
007 10 g =5 Qh2did + 6 i2Qq, 2008, + iGy,) (G + )
h i x 'h i
Os:0 ;0 00 =  OQrgndlgn Qg + A, (G G); (19)

f

whereq (x; Q%) and ¢ (x; Q?) are unpolarized and polarized Parton Distribution Functions

(PDFs) of quark avor f, respectively, andQ; denotes the electric charge in units of the

11
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259

proton chargee. In the parton model, at leading-order (LO), one has for the structure
functions the Callan-Gross relationd=) = 2xFi and ¢, = 2xgi fori = ; Z;Z; r; Zr
For an ion beam (or nuclear target), the neutron PDFs can be related to the proton PDFs

assuming isospin symmetry for the valence quarks:

Qui=n (% Q%) = Qu=p(x; Q);
Ci=n(X; Q%) = Qu=p(x; Q?); (20)
Q=n (% Q%) = Gu=p(X; Q2);
G=n(% Q%) = Qup(X; Q?);
while the charm and strange sea quark PDFs are assumed to be identical for the proton and

the neutron:

C=n (X; Q%) = G=p(X; Q);
Ge=n(X; Q%) = Gesp(X; Q?); (21)
G=n (6 Q%) = Gep(X; Q2);
G=n(X Q%) = Gep(X; QF);

For the deuteron, an isoscalar bound state of a proton and a neutron, the PDFs can be

constructed from the proton and neutron PDFs as

1
G=0 (% Q%) = 5(G=p (% Q%) + G=n (%, Q7)); (22)
1
G0 (6 Q%) = S( G=p( Q)+  G=n (%, Q%);
for quark avor f.
In terms of the generalized structure functions in Eg. (16), which include a dependence

on the electron helicity ¢ as seen in Egs. (17) and (18), one can write the cross section for

given electron and nucleon helicities, including SMEFT operator contributions, as

(
@ (e 4 2
éxng):Xsz WL WF @ WFat e w@ VXve
)
L NG e @9

where we have ignored the electron mass and all target mass correction terms that are

proportional to M 2=C7.

12



260 To connect to experimentally measured observables, it is convenient to write the scattering

261 Cross section of Eq. (23) as the sum of four components that depend on the spin direction

o

2 Of the initial electron and hadron: d ¢;d ¢;d , and d ¢4, Where eachd represents the

o

s dierential cross section such asd =(dxdy). The quantity d  is the unpolarized cross

2

o

2

<

4 section,d . andd y denote the cross section di erences between initial electron and hadron

2

[}

s states of opposite helicity, respectively, andl .4 is the cross sections di erence between

2

o

s initial electron-hadron states with the same and opposite helicities de ned in the center-of-

2

o

7 mass frame. These quantities can be formed from Eq. (23) as:

1h i
do:zhdje=+1;H=+1 td =y 1t d s = td s gy 1|’
de:%hdje=+1;H=+1+dje=+1;H=1 dje= nu=aa dje= 15 4= 1i;
dy= %hdje:ﬂ;H:ﬂ dje=t1;y=1+dje= y=a dj. 1 ,- 1i; (24)
deH:%djez‘*l;H:"‘l dje=raip=1 dje= ny=atdje=1,=1;

28 and can be computed in conjunction with Egs. (16), (17), and (18).

269 The SM contribution to the DIS cross sections are (omitting target-mass terms):
d? 0 4 2 : h e z e2 e?2 ZI
1 y)F o zF" +(9y +gA)ZF2

dxdy nyZh :
+xy> Fy oY 2 Flz +(g\e/2+ 932) _Z|:1Z
Xy h , io
7(2 y) ot zFs° 20598 zF§
@ . 4 2N h , i h i i
ady = oz &Y o zF 20908 zF5 +xy? 8 zF° 20§08 Ff
h io
X
+22 Y & R (gD FE (25)
d2 H 4 2N h . Zi
= (2 )Xy gr z O 207 0x 201
2
dxdy xyQ h ) i
1 hY) & 29 +(gP+ R 29
io
Xy o5 20 +(g5°+ R 2E
@ oy 4 2N h i , , i
ddy - gz @ VY G 6 2o +(67 60 20

h i h o)
T y) & 29" 2080 29 +xy° & 20 20808 &

20 And if also including SMEFT contributions:
d2 gMEFT 4 2

dxdy - Xy Q?2

r

(1 yN&§ F + (o) + GRaR) zF5')

13



+xy?(cy  Fy' + (o + agR) 2 F{") i
X
+ 0@ NG Fi H(SEF G 2 FF)
d2 SMEFT 4 2 ; 5
di(dy = XyQ2 (1 y)(Cg\ r F2 +(C\e/g/§\ + Cig\e/) Zr Fzr)
+xy2(cg rFoH (GO + CGOY) zr Flzr) i
X
+2@ PG FY (G G 2 FF)
o2 SMEFT 4 2X th r
d;dy = N @ W@ o H(GR+ R 2 o)
r
+H1 YN r g F(GOr ) 205
+Xy3(cy Qs +(CagR + ¢y 0Y) zr GE")
dz EAAEFT 4 2 th e r e ~€ e ~E Zr
+H1 y)C rgy t(COR ) 2 %)

+Xxy%(ch G5 +(CYOR + CROY) ) (26)

on If a positron beam becomes available at the EIC, one can measure cross sections of both
2z € H and e H cross sections and study the di erences. Again neglecting target mass terms

23 and writing SM and SMEFT contributions all together, we have:

d? 8+ d? 8 4 2 h . Zi
dXdy dXdy = XszgX z Xy(2 y) F3 2g\e/ z F3
8 2
02 (1 y)G&o 2 Ff + xy’ci o8 2z Ff
[
X
+ 2@ YGRS+ EFF 20)
d? et dz e 2 h i
e e

21 y) F, +2¢8 ,Ff 2xy* F® 288 ;Ff

—_ e
dxdy  dxdy nyZgA z

2

faaE & NGRS+ a2+ R RS+ 2 FE)
|
X
+7y(2 Y)(CAGR zr F5")
d? e* d2 e 4 2 h i
dXdHy dxc?y = nyzgi z (@2 ) glz +29y zgf
—8 : hxy e r e ~Zr
+ny2 ?( y)CA(gl rt gvgl Zr)

+1 YGRGR 28+ XY’ 2 & |
S h2(1 Y o +2¢ 2 29° 2% 2 2
dxdy dxdy ~ xyQz™ ¢ ‘ z 9 z %
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293

8 2 hxy
+ XyQ2 ?(2 y)Cigi Zr gfr

+1  y)ea( r04 + O ngz%r)"‘ Xyzc/exg/i( (05t OV nggr) (27)

In this study, we focus on measurements of both parity-violating and lepton-charge asym-
metries. The parity-violating asymmetry can be formed either by comparing right-handed
and left-handed electron scattering from unpolarized hadrons, referred to as \unpolarized
PV asymmetry":
de.
do’

or by comparing unpolarized electron scattering o right-handed and left-handed hadrons,

AR (28)

referred to as \polarized PV asymmetry":
d
H H .
ALY =2 (29)
0

If a positron beam becomes available in the future, the lepton-charge asymmetry, de ned as
the unpolarized DIS cross section asymmetry between electron and positron beams:
dg df .
d 8+ + d 8 )

will provide additional constraints on SMEFT interactions. On the other hand, the double-

ALC;H = (30)

spin asymmetry,A(€) dd—e: is the primary observable to study the nucleon spin structure
but is not within the scope of this work. Similarly, a complete list of lepton-charge asym-
metries that includes lepton polarization dependence can be found in [2], but they provide
similar constraints to SM and SMEFT studies as the unpolarized asymmetry de ned in

Eg. 30 and are not discussed in this work.

B. Measurement of Parity-Violating Asymmetry at the EIC

In DIS experiments utilizing an electron beam of polarizatiorP, and a hadron beam of

polarization Py, the measured di erential cross section is
d =do+Ped e+ Pydy+ PPy d en; (31)

where P, and Py have the same sign as the respective beam helicity, and , and can
take the values 16 Pg; Py 6 1. The various cross section components in Eq. (31) are

given in Egs. (25).
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The PVDIS asymmetry can be formed by ipping the spin direction of either the electron
beam or the ion beam. For the EIC, beams of opposite polarizations will be injected into the
storage rings alternately, and thus each of the signs of both electron and ion polarizations
is ipped periodically on a short time scale. This is in contrast to HERA, where data
were taken with positive, then negative electron polarization, with such long time intervals
in between that runs with opposite electron polarizations are essentially two independent
experiments.

We express the measured DIS event counts during a certain beam helicity state as

N™ = agel™ d o+ jPa" jd e+ [Py jd n + jP" jiPY" jd en (32)
N* =agl”™ do+jP jde j Py jdu jPs jiPy jd en (33)
N " =agl © do j P, "jd e+jPH+jd H o Pe+ijH+jd eH (34)
N =a@l do P jde Py jdu+jPe jiPy jden (35)
whereij = ++ ;+ ; +; represents the electron and the proton helicity states with

their time sequence depending on the helicity pattern of the beam injectioh! stands for
the integrated luminosity, and P and P,H are the electron and the proton (or ion) beam
polarizations during the corresponding helicity bunchj . The age factor represents the
detector phase space, acceptance and e ciency. In the simplest case, if we assume both

beam polarizations, the luminosity, and detector e ciency and acceptance do not vary with

time, then
dO:%d+++d++d T +d ; (36)
de:4jéej d*™"+d* d * d ; (37)
dH:4jFl>Hj d*™ d* +d * d ; (38)
dEH:de d* d *+d ; (39)

where we have de ned the experimentally measured cross sectbd N =L =a4,. The
PVDIS asymmetry due to electron spin ip can be extracted from data by taking the ratio of
the cross sections. Because spin ips of both electron and hadron beams will be carried out
at very short time scale, theaye; term can be assumed as a constant and cancels out when

forming the asymmetry, and we can extract the asymmetry from experimentally measured
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yields, de ned asY’ N =Ll
de 1 Y™ +Y" Y * Y

AR, = ; 40

PVood g JP YT YR Y Y (40)
and that due to proton (ion) spin ip can be similarly extracted as
d 1 Yy" Y" +Yy * Y

ALY = (41)

do jPujY*™ +Y* +Y *+Y
The design of the EIC requires that the point-to-point luminosity uncertainty to be at 104
level. Therefore, the dominant experimental uncertainty would come from electron and

proton (ion) polarimetry, for A(Pe\), and A(PHV), respectively.

C. Measurement of Lepton-Charge Asymmetry at the EIC

Unlike PV asymmetries which can be formed by comparing scattering yields of right-
handed vs left-handed electron or hadron scattering on a short time scale, measurement
of the LC asymmetry requires comparison between electron runs and positron runs, and
thus relies on two independent cross section measurements. To reduce the uncertainty in
the measurement ofA ¢, we can reverse the polarity of the magnet to minimize the
systematic uncertainty due to di erences ine and €" detection. In this case, the main
experimental systematic uncertainty will come from the luminosity di erence betweee
and e" running, which is assumed to be 2% (relative in luminosity, absolute iA c.y ) in

this analysis.

1. PROJECTION OF PARITY-VIOLATION AND LEPTON-CHARGE ASYM-
METRY DATA

A. EIC Simulation with ECCE Detector Con guration

We usedDjangoh event generator [3] (version 4.6.16 [4]) that includes full electromagnetic
and electroweak radiative e ects to generate 20-million (20 M) Monte-Carlo (MC) events for
each of the four beam energy and two beam type combinations: 1875(137), 10 275(137),
10 100, and 5 100 GeV forep (eD) collisions, respectively. For the deuterium ion
beam, the energy speci ed is per nucleon. In lieu of a full GEANT-based simulation, a fast

smearing method was applied to inclusive electron events in tligangoh output, and the
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physics cross section and parity-violating asymmetries were calculated event-by-event using
a modi ed user routine of Djangoh. The number of the scattered DIS electrons was then
calculated using the cross section information and the expected integrated luminosity after

correcting for bin migration.

The detector fast smearing was obtained from a single-electron gun simulation. Res-
olution spectra were determined for 57 evenly-spaced bins for the pseudo-rapidity range
= ( 35625 3:5625) and 1 GeV-wide bins in the transverse momentumpy. For each

Djangoh-simulated event, smearing in the electron momenturp and polar and azimuthal
angles and were randomly picked from the corresponding spectrum and applied to the
event, which were used to determine the detected kinematics of the event. While the smear-
ing spectra were not exactly Gaussian-shaped, they were tted with a Gaussian function

and the tted RMS values extracted for illustration purposes, see Fig. 2.

FIG. 2. RMS values for fast-smearing spectra obtained from single electron-gun simulation of July

2021 concept of ECCE. The unit for and  are radians.

18



3!

a

0

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

Using the fast-smearing method, we generated 10 M MC events to study the kinematic
coverage over the full phase space. An additional 10 M events were generated \@f, =
50 Ge\? for where DIS events have the most impact on the extraction of the weak mixing
angle. The drawback of the fast smearing method is that no selection of the hadronic state
was implemented. Methods utilizing hadronic nal states such as the double-angle method
may provide better DIS event identi cation for certain kinematic range and thus improve
analysis precision.

Bin migration of inclusive scattering electrons due to internal and external radiative ef-
fects were studied with fast-smearing simulation and treated using the \R matrix" unfolding
method [5]. Background reactions were studied using the hadronic nal state generated by
Djangoh (with Q2. = 1:0 Ge\?), and another Monte-Carlo simulation of photoproduction
events generated byPythia (version 6.428 withQ2, = 0). All events were passed through
the ECCE full simulation. We found the highest background events to occur at high

values, and these events were rejected at the event selection stage, see next section.

B. Event Selection

For the 20 M fast-smearing events, event selection criteria were applied to choose DIS
events Q3. > 1:0 Ge\?), to avoid regions with severe bin migration and unfolding uncer-
tainty (yqet > 0:1), to avoid regions with high photoproduction backgroundyge: < 0:90), to
restrict events in the main acceptance of the ECCE detector where the fast-smearing method
is applicable (gt > 35 and 4 < 3:5625), and to ensure high purity of electron samples
(E°> 2:0 GeV). Here the subscript "det" implies the variables were calculated using the
detected information of the electron. The projected values and statistical uncertainty for
A(Pe\), and ALHV) after unfolding are shown respectively in Fig. 3 and 4 for 18 275 GeVep

for an integrated uncertainty of 100 fb?.

C. Integrated Luminosity

To account for realistic running conditions, the annual luminosity { ten times the \high
divergence con guration” value as shown in Table 10.1 of the Yellow Report (YR) [6] { were

used. More speci cally, the integrated luminosity values are assumed to be 15.4, 100, 44.8,
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FIG. 3. Projection for AS), (left), and dA%)., =A%), after unfolding (right) for 18 275 GeVep
collision, with event selections criteria applied. An integrated luminosity of 100 fb  and an 80%

electron polarization were assumed.

FIG. 4. Projection for AD), (left), and dA¥. ., =AY, after unfolding (right) for 18 275 GeVep
collision, with event selections criteria applied. An integrated luminosity of 100 fb * and an 70%

proton polarization were assumed.

36.8, and 4.4 fb! for 18 275(137), 10 275(137), 10 100, 5 100, and 5 41 GeV
ep (eD) collisions, respectively. As a comparison with the weak mixing angle extraction
presented in the YR, we also carried out projections for 100 fb 18 275 GeVep and

10 fb * 18 137 GeVeD collision as the \YR reference point". We abbreviate theep
pseudo data sets as P1, P2, P3, P4, P5 and tle® pseudo-data sets as D1, D2, D3, D4,
D5, see Table II. The YR reference point is denoted P6. Simulated pseudo-data sets with

polarized hadrons are indicated as D1{5 and P1{6, while positron data sets are referred
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to as LD1{5 and LP1{6 (with \L" for Lepton charge).

D1|5 GeV 41 GeVeD, 44fb ! P1/5 GeV 41 GeVep 44fb?!

D2|5 GeV 100 GeVeD, 36:8fb ! ||[P2|5 GeV 100 GeVep, 368 fb !

D3|10 GeV 100 GeVeD, 448 fb 1||P3/10 GeV 100 GeVep, 448 fb !

D4|10 GeV 137 GeVeD, 100 fb ! ||P4/10 GeV 275 GeVep, 100 fb !

D5|18 GeV 137 GeVeD, 154 fb 1||P5/18 GeV 275 GeVep, 154 fb !

P6|18 GeV 275 GeVep, 100 fb !

TABLE II. Energy and luminosity con gurations assumed for the EIC in our analysis. P6 is the

YR reference setting.

D. Statistical Uncertainty Projection for PV Asymmetries

For a given value of integrated luminosity, the statistical uncertainty of an asymmetry
measurement is

1

dAstat :measured — pﬁ (42)

whereN is the total number of events detected, assumed to be approximately equally divided
between the two scattering types { either between left- and right-handed electron beam, or
between left- and right-handed proton (ion) beam, or between positron and electron runs.
The unfolding process increases the statistical precision only slightly for the region where
the relative statistical uncertainty on the asymmetry is the most precise.

If the asymmetry originates from polarization (as for the case of PV asymmetries), we
must correct for the beam polarization:

1

1 1
dAggt PV T J PeJ

jPijW 43)

1
pﬁ; and dAéQ;pV =

For Aé,e\), projection, an electron beam polarization oP, = 80% with relative 1% systematic
uncertainty from the electron polarimetry were assumed. Similarly, foA(PH\,) projection,

a proton (ion) beam polarization of Py = 70% with relative 2% systematic uncertainty
from the proton (ion) polarimetry were used. An illustration of the relative precision of PV
asymmetries is provided in Figs. 3 and 4. The statistical uncertainty oi(F,HV) is rather large

because of the much smaller size Ai‘PHV) than A(Pe\),.
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E. Statistical and QED Uncertainty Projection for Lepton-Charge Asymmetries

As described in Section Il C, to measure lepton-charge asymmethyc.; , One can reverse
the polarity of the magnet to minimize the systematic uncertainty due to di erences ire
and e detection. In this case, the main experimental systematic uncertainty will come from
the luminosity di erence betweene and €" running, which is assumed to be 2% (relative
in luminosity, absolute in A ¢ ) in this analysis. If the detector magnet polarity is reversed,
then the detection of DIS positrons would be very similar to that of DIS electrons, and
all data simulation, event selection, unfolding, etc, described in Section IlIl A applies. The
statistical uncertainty in A, ¢ is thus determined by the luminosity ofe* running, which we
assume to be one-tenth that of the electron beam. Note that beam polarization and thus
polarimetry uncertainties do not a ect A.c measurements.

The EW physics reach ofA ¢ is further clouded by the di erence ine vs. e DIS cross
sections due to QED higher order e ects. We calculated the value @f ¢ using Djangoh
version 4.6.19 in both the Born LO (that includes one-boson exchange only) and NLO
radiated mode (that includes higher order EW and QED e ects), see Fig. 5. The di erence
of NLO (minus) Born is taken as an estimate of QED NLO e ects and the uncertainty is

assumed to be a relative 5%.

FIG. 5. Calculation for A ¢ at the Born (LO) (left) and NLO (right) level for e*pvs. e p collision
at 18 275 GeV. The LO calculation includes only Z interference term which is of main interest
of this study. The NLO calculation includes box-diagrams which introduces a large QED e ect to

the asymmetry and is e ectively a background to the EW and SMEFT study presented here.

Because of the moderat&? reach of the EIC, the 2% absolution uncertainty from lu-
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minosity measurement is a dominating systematic e ect for the uncertainty oA c. . In
Appendix A1, we present a method to simultaneously t the luminosity term with SMEFT

coe cients; however, we found this method yields 15 to 20% weaker SMEFT constraints.

F. Projection for High-Luminosity EIC

In addition to the nominal luminosity expected for the EIC, we also carried out projections
considering the possibility of an additional factor ten increase in the luminosity, the so-called
high-luminosity EIC (HL-EIC). Assuming all experimental systematic e ects remain the
same, we scale the projected statistical uncertainty of asymmetry observables described in
the previous section by the factor 1p 10. For beam energies with lower luminosity (hence
larger statistical uncertainty) or asymmetries of smaller sizes such aﬂé;H), the factor 10
increase in luminosity will push the physics reach one step further. On the other hand,
for beam energies with already-high luminosity and observables where systematic e ects
dominate over statistical ones, such aAE,e\), for 10 275 GeVepand 10 137 GeVeD
collisions andA c. , the impact from the luminosity increase of HL-EIC on the physics

reach is marginal.

IV. PSEUDO DATA GENERATION AND UNCERTAINTY MATRIX
A. Pseudo Data for Parity-Violating Asymmetries

We discuss rst the two PV asymmetry cases: the polarized electron asymmetries with
unpolarized hadronsA{, and polarized hadron asymmetries with unpolarized electrohl.).
The uncertainties are from three sources: statisticals,:, experimental systematic gy
(mainly due to particle background and also includes other imperfection of the measurement)
that is assumed to be fully uncorrelated, and beam polarimetry,, that is assumed to be

p

fully correlated within data of the same™ s and beam type. For thed" bin, with given

P s, X, and Q? values and using the nominal PDF set under consideration, we rst compute
the theoretical SM prediction, Apy )&%, Combining the given uncertainties in quadrature

separately for uncorrelated and correlated ones, we obtain a pseudo-experimental asymmetry
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value by

r h iz M

|
pseudo _ theo 2 theo Sys 0 theo pol
(Apv)p =(Apv)smont o Gant (Apv)swop A o, T (Apv) S0 A b

(44)

2

where r, and r°® are random numbers chosen from a normal distribution of mean 0 and
standard deviation 1. Note that the correlated errors are incorporated using a single random
number (r9 across all the bins. The systematic uncertainties areyys=A = 1%, po=A=1%
for ALY, and ,u=A=2% for AY),.

B. Pseudo Data for Lepton-Charge Asymmetries

We next consider unpolarized electron-positron asymmetries with unpolarized hadrons,
the lepton-charge (LC) asymmetries. The uncertainties are from three sources: statistical
stat, €xperimental systematic s mailing due to background that is assumed to be fully
uncorrelated, luminosity di erence betweene” and e runs ., that is fully correlated
within data of the samep§ and ion beam type, and QED higher-order e ect gep nio
taken as 5% of theA, ¢ dierence between calculated NLO and Born (LO) values. In

analogy with Eq. (44), for the LC asymmetries, we write
r . -

do theo 2 : Sys 2 2 0
(AL = (Ac)smon* o Zar+ (Aic)smop A b t Qepnwop T T wmip

(45)

C. Uncertainty Matrix

The uncertainty matrix, 2, for a given data set withNp;, bins is anNpi, Ny, Symmetric

matrix. It consists of two parts, which we call §and y:

2 — 2

2 .
b ~ 0 bt9+ pdf pp - (46)

The rst part of the matrix, 3, is constructed using all the uncertainty components
(statistical, systematic, polarimetry or luminosity, QED) other than the PDF uncertainties.
All uncertainties that enter 3 must be absolute; relative uncertainties are converted to

absolute ones by multiplying the theoretical SM prediction,Atshﬁ?o;b, computed using the

24



466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

central member of the PDF set taken into account. The rst part of the matrix then takes

the form
0 1
2 ~—
1 127172 INpin 1 Npin
2 —~—~
(2): 2 2Npin 2 Nyin (47)
2
N bin sym
where, for the PV asymmetries, we have for the diagonal elements
h i, h | iy
2_ 2 h Sys h o]
b — stat;b + (APV)tSISI?O;b Ty b + (APV)tSISI(;)O;b % b (48)
and for the o -diagonal elements
- = (Apy) 5%y 22 49
b= (Apv)smon 4 ) (49)
For the LC asymmetries, we have for the diagonal elements
h iy
2_ 2 h Sys 2 2
b — stat;b + (ALC)tSI\?Ic;)O;b Ty b T umi ;b + QEDNLO ;b (50)
and for the o -diagonal elements
b= lumisb: (51)

Here, b and P are bin numbers and we assume full correlation for uncertainties originating
from beam polarimetry or luminosity: e =1 for all band &’

The second part of the uncertainty matrix, Sdf, is built using the same procedure for
both PV and LC asymmetries by taking into account di erences between the theoretical SM
asymmetry prediction computed at the nominal PDF memberAtshﬁ?o, and theoretical SM
asymmetry predictions evaluated at all other members of the PDF set under consideration,
Agﬁ‘;’m, wherem = 1;2::: Nppr With Nppr the total number of PDF sets or replicas available.
For Hessian-based PDF sets, the diagonal and o -diagonal elements can be collectively

written as
N =2
2 1 BQF

PDF btP;Hessianz Z- (ASM;Zm;b ASM;Zm l;b)(ASM;Zm;b0 ASM;Zm 1;b°): (52)
m=1

And for replica-based PDF sets:

l %DF
2 - theo theo theo theo .
POF piprepica — .  Asmmb  Aswon) (Asmimpe  Asmiow): (53)
rep Neor
m=
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D. Comparison of uncertainty components

We present in this section the various uncertainty components that enter the SMEFT
analysis. We also investigate the total uncertainties combined in quadrature that contribute

to the diagonal entries of the uncertainty matrix.

1. Individual uncertainty components

We begin by considering the individual components of the uncertainties. We investigate
the e ects of sea quarks in the analysis by de ning a valence-only approximation for the
PDFs. The tagud in the plot labels is the valence-only approximation where only up and
down quark contributions are considered in the hadronic cross section, whereads indicates
that up, down, strange, and their antiquarks are taken into account. Note that for the data
sets involving unpolarized deuteron with theud tag, there will be no uncertainty from PDF
as deuteron PDFs, de ned in terms of proton and neutron PDFs using isospin symmetry,
cancel when analytically forming asymmetries in the valence-only approximation. Note that
for experimental systematic uncertainties other than those from beam polarimetry, both 1%
and 2% are shown in all gures of this section, although the 1% value is used in the results
presented.

Fig. 6 shows the comparison of the uncertainty components for the data set D4 in the
ud and uds scenarios. For PDFs, we us&iINPDF3.1 NLO [7] in the unpolarized case
and NNPDFPOL1.1 [8] in the polarized case throughout. OnlyX; Q?) region relevant for
SMEFT analysis is shown, though the full region is used for the extraction of the weak mixing
angle. Thex-axis of these plots is ordered by bin number; these are ordered rst from low to
high Q2, then from small to largex within each Q? bin, leading to the observed oscillatory
behavior. When we turn on the sea quark contributions, the unpolarized deuteron data sets
receive nonzero but highly suppressed PDF uncertainties, indicating that the assumption
of deuteron PDFs completely cancelling is a reasonably good approximation. The right
panel shows that even after including sea quarks, the PDFs are still the smallest uncertainty
component. This indicates that potentially poorly determined sea quark and strange quark
distributions have little e ect on this analysis. The largest single uncertainty component

is the statistical uncertainty (shown as a dark red line). This is larger than both the 1%
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beam polarization uncertainty (light blue line), and either of the 1% or 2% uncorrelated
systematic uncertainty assumptions (solid and dotted blue lines, respectively). When we
switch to the high-luminosity (HL-EIC) scenario (dotted red line), the statistical uncertainty
becomes comparable to the systematic ones. All uncertainties are signi cantly smaller than

the predicted value of the asymmetry, shown as the solid black line in the plots.

FIG. 6. Comparison of the uncertainty components for the data set D4 in the valence-only scenario
(ud) and with the contributions from the sea quarks (uds). Here "NL" refers to the currently

planned annual luminosity of the EIC, while "HL" refers to a possible ten-fold luminosity upgrade.

In Fig. 7, we display the di erent contributions to the diagonal entries of the uncertainty
matrix of the data sets P5 and P5. The pattern of uncertainties for P5 is very similar
to that observed for D4. The statistical ones are the largest single uncertainty source,
while the PDFs are the smallest. Assuming high luminosity, the statistical uncertainties
become comparable to the anticipated systematic ones. The pattern is di erent for P5:
the statistical uncertainties are largest for all bins, even assuming high luminosity. The PDF
uncertainties are also non-negligible, consistent with the expectation that spin-dependent

PDFs are not known as precisely as spin-independent ones. The anticipated experimental
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systematic uncertainties are negligible for all bins.

FIG. 7. Uncertainty components for the P5 and P5 data sets.

Finally, we show in Fig. 8 the individual uncertainties for the electron-positron asymmetry
data set LP5. The error budget is di erent for this scenario compared to PV asymmetries.
Since both beams are unpolarized, there is no uncertainty related to beam polarization.
However, since electron and positron runs occur with di erent beams there is the possi-
bility of a signi cant overall luminosity di erence between the two runs that can lead to
an apparent asymmetry. We assume an absolute 2% uncertainty, two times the luminosity
uncertainty requirement of [9]. Finally, we consider the possible errors arising from higher-
order QED corrections that may di erentiate between electron and positron scattering. We
estimate this uncertainty by taking 5% of the di erence between the Born-level and NLO
QED results, obtained usingDjangoh. The two largest sources of uncertainty through-
out the entire kinematic range are the luminosity and the statistical uncertainties. PDFs,
higher-order QCD, and the anticipated systematic uncertainties are all signi cantly smaller.

Summarizing all gures presented in this section, we can make the following main points:

" The expected statistical uncertainties are the dominant ones for the nominal EIC
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FIG. 8. The same as in Fig. 7 but for LP5.

luminosity. If a high luminosity (HL-EIC) upgrade becomes possible, they become
comparable to experimental systematic uncertainties for PV asymmetries of the un-

polarized hadron,A%),.

PDF uncertainties are nearly irrelevant for the asymmetries of unpolarized hadrons
A(Pez,. They become signi cant, second to statistical uncertainties, for PV asymmtery

: H
of polarized hadronsA(,).

The luminosity e ect dominates the statistical uncertainty for the majority of the
phase space in the case of electron-positron asymmetrfgs. , particularly at low x
and low Q?. On the other hand, uncertainty from higher-order QED corrections are

expected to be small.

2. Total uncertainties for nominal luminosity vs. high luminosity

We now investigate the total uncertainties for the data sets D4, D4, P5, P5. We
consider four di erent scenarios: nominal luminosity planned for the EIC or a ten-fold high
luminosity upgrade, combined with 1% or 2% relative experimental systematic uncertainties
due to particle background. We show the results in Figs. 9 and 10. We rst observe that the
dominant uncertainty component in all cases is statistical. The four uncertainty scenarios,

namely 1% or 2% systematic uncertainty with nominal or high luminosity, can be in fact

29



556

557

558

559

560

561

562

563

564

565

566

567

568

569

reduced to just the luminosity comparison, i.e. nominal vs. high. Next, for both D4 and
P5, the asymmetriesAff\), are measured to percent-level throughout the considered phase
space. This is not the case for the polarized sets D4 and P5. Particularly in the P5
scenario, at lowerQ?, the anticipated errors are larger than the asymmetry for all choices of
systematic error and luminosity. Only in the very highQ? bins does a measurement of the

asymmetry A(PHV) become meaningful.

FIG. 9. Total uncertainties combined in quadrature for the data sets D4 and D4 in the uds

scenario.

Our evaluation of the uncertainties indicate that using 1% or 2% relative systematic
uncertainties makes practically no di erence, as the total errors are mostly dominated by
the statistical uncertainties for the PV asymmetries or the luminosity di erence for the LC
asymmetries. We also show that one can take into account the contribution of only the
valence quarks to the asymmetries or include the sea quarks up to strange avor and its
antiquark, both of which lead to the same size and rank of PDF errors for the data sets
under consideration. In our best- t analyses we thus focus on the data sets with 1% relative

systematic uncertainty and nominal luminosity in theuds scenario. Comparisons will be
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FIG. 10. The same as in Fig. 9 but for P5 and P5.

s performed with the ones having high luminosity, keeping the rest of the con guration the

571 Same.

sz V. EXTRACTION OF THE SM WEAK MIXING ANGLE

573 The weak mixing angle, often represented as $Siny, is a fundamental parameter of the
s2 SM and has been measured in experiments ranging from atomic parity violation at eV energy
s levels, to high energy colliders at th& -pole. The EIC will provide constraints on sif w

s In the intermediate energy range that resides between the reach of xed-target and collider
s facilities. For the extraction of the weak mixing angle, we focus oA,(f\), where sirf

s enters through the electron couplingy., and quark couplings in the structure functions. If

sz including all target-mass correction terms, we can write

Apy = (54)

h [
Pz GAFS + g 5§ TG R i@ YRS .
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yF, + 2 2 BUNOR o, gyRf g 2 2 MW OET 4 g2 )R




580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

601

602

603

604

605

606

607

608

609

where M is the nucleon mass. Note that given the moderat®? values of the EIC, the
pure-Z contribution to the structure functions has been omitted for the precision relevant
to our analysis.

The running value of sirf = 0:231 was used in the pseudo-data generation and only
one pseudo data set was produced. We then t the value of Siny by minimizing the 2

de ned as
2 _ [Apseudo data A theory][( 2) 1][A pseudo data A theory ]T (55)

where A is a dimensionNy;, vector with Ny, the total number of (x; Q?) bins, 2 is the
uncertainty matrix of dimension Ny,  Nypin, described in Section IV C, and the sih \ to
be tted enters A"®°Y | The PDF portion of the uncertainty matrix was evaluated using the
CT18NLO [10] (LHAPDF [11] ID 14400{14458), MMHT2014nlo68cl [12] (ID 25100{25150)
and NNPDF31nlo.as0118 [7] (ID 303400{303500) PDF sets.

Our results for sirf  are shown in Tables 11l and IV for ve energy and nominal annual
luminosity combinations forep and eD collisions, respectively. These results are illustrated
in Fig. 11. The inner error bars show the combined uncertainty from statistical and 1%
uncorrelated experimental systematics (due to particle background); the median error bars
show the experimental uncertainty that includes statistical, 1% uncorrelated experimental
systematics, and 1% electron polarimetry. The outer-most error bars (which almost coincide
with the median error bars) include all the above and the PDF uncertainty evaluated using
the CT18NLO sets. Results evaluated with the MMHT2014 and NNPDF31NLO sets are
similar. Along with our projection with EIC annual nominal luminosity, we show the \YR
reference point" (blue diamond), obtained from combining 100 f3 ep18 275 GeV and
10 fo * eD 18 137 GeV pseudo-data. Also shown are the expected precision from near-
future P2 [13], MOLLER [14] and SoLID [15] PVDIS [16, 17] experiments, respectively, that
will dominate the landscape of low to medium energy scales.

We note that our results have larger uncertainties than in the YR [6] that tted PDFs
and sir  simultaneously using the JAM framework [18], possibly due to using realistic de-
tector simulation and accurate running conditions. On the other hand, we found that PDF
uncertainties are likely not a dominant uncertainty for EIC projections, but the electron
polarization is, for settings where the integrated luminosity approaches 100 fb Conse-

guently, upgrading the luminosity of EIC does not bring signi cant improvement on the

32



s0 UNcertainty of sin? \, and therefore we will not show our tting results for the ten-fold

s11  luminosity upgrade.

612

613

614

615

616

Beam type and energy ep5 100| epl1l0 100| ep10 275|epl8 275|epl8 275

Label P2 P3 P4 P5 P6

Luminosity (fo 1) 36.8 44.8 100 15.4  [(100 YR ref)
hQ?i (GeV?) 154.4 308.1 687.3 1055.1 1055.1

hApyvi (Pe=0:8) 0:00854 0:01617 0:03254 0:04594 0:04594
(dA=A)¢tat 1.54% 0.98% 0.40% 0.80% (0.31%)
(dA=A) stat+syst(bg) 1.55% 1.00% 0.43% 0.81% (0.35%)
(dA=A) 194pol 1.0% 1.0% 1.0% 1.0% (1.0%)
(dA=A) ot 1.84% 1.42% 1.09% 1.29% (1.06%)

Experimental
d(sin? )stat+syst(bg) 0.002032 | 0.001299 0.000597 0.001176 0.000516
d(sin? w )stat+syst+pol 0.002342 | 0.001759 0.001297 0.001769 0.001244

with PDF
d(sin? W )tot :CT18NLO 0.002388 | 0.001807 0.001363 0.001823 0.001320
d(Sil’l2 W)tot;MMHT2014 0.002353 0.001771 0.001319 0.001781 0.001270

d(sin? w)twt:nnpDF31 | 0.002351 | 0.001789 0.001313 0.001801 0.001308

TABLE Ill. Projected PVDIS asymmetry and tted results for sin 2 \ using ep collision data
and the nominal annual luminosity. Here hQ?i denotes the value averaged over allX; Q?) bins,
weighted by (dA=A)2 for each bin. The electron beam polarization is assumed to be 80% with
a relative 1% uncertainty. The total (\tot") uncertainty is from combining all of statistical, 1%
systematic (background), 1% beam polarization, and the PDF uncertainty evaluated using three

di erent PDF sets. The right-most column is for comparison with the YR.

Our results show that the EIC will provide determination of sif  at an energy scale
that bridges higher energy colliders with low to medium-energy SM tests. Additionally,

P s values of EIC can be combined, or th®?-dependence of the EW

data points of di erent
parameter can be explored, depending on the runplan of the EIC. Furthermore, one could

study the exploratory potential of EIC beyond the scope of a single SM parameter, and we
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FIG. 11. Projected results for sir? w using ep (top, solid magenta markers) andeD (bottom,
solid cyan markers) collision data and the nominal annual luminosity given in Table 10.1 of the
Yellow Report [6], along with existing world data (red solid circles) and hear-future projections
(green diamonds), see text for details. Data points for Tevatron and LHC are shifted horizontally
for clarity. The script used to produce this plot was inherited from [19], and the scale dependence
of the weak mixing angle expected in the SM (blue curve) is de ned in the modi ed minimal

subtraction scheme MS scheme) [20].
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Beam type and energy eD 5 100| eD 10 100|eD 10 137|eD 18 137|eD 18 137

Label D2 D3 D4 D5 N/A
Luminosity (fo 1) 36.8 44.8 100 15.4 (10 YR ref)
hQ?i (GeV?) 160.0 316.9 403.5 687.2 687.2
hApyvi (Pe=0:8) 0:01028 0:01923 0:02366 0:03719 0:03719

(dA=A)stat 1.46% 0.93% 0.54% 1.05% (1.31%)
(dA=A)stat+bg 1.47% 0.95% 0.56% 1.07% (1.32%)
(dA=A)syst: 196pol 1.0% 1.0% 1.0% 1.0% (1.0%)
(dA=A)ot 1.78% 1.38% 1.15% 1.46% (1.66%)

Experimental
d(sin? w)stat+bg 0.002148 0.001359 0.000823 0.001591 0.001963

d(sin? w)statrbgspol | 0.002515 | 0.001904 | 0.001544 | 0.002116 | 0.002414

with PDF
d(sin? w )t :cT18 0.002558 0.001936 0.001566 0.002173 0.00247

d(sin? w )tot:MmHT2014 | 0.002527 0.001917 0.001562 0.002128 0.002424

d(sin? w )tot :NNPDF31 0.002526 0.001915 0.001560 0.002127 0.002423

TABLE IV. Projected PVDIS asymmetry and tted results for sin 2  using eD collision data and

the nominal annual luminosity. The uncertainty evaluation is the same as Table III.

s17 provide results using the SMEFT framework in the next section.
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VI. FRAMEWORK FOR THE SMEFT ANALYSIS
A. Data Generation and Selection

We use the procedure described in Section Il to determine the uncertainty of our data
projection and the uncertainty matrix. We consider bothep and eD collisions and we focus
on the two highest-energy settings listed in Table II. Because collisions with higher center-
of-mass energy are more sensitive to SMEFT operators, we choose four data families with

the two highestp s to focus on:

18 GeV 100 GeVeD 100 fb !: D4, D4, LD4
18 GeV 137 GeVeD 15.4 fb 1: D5, D5, LD5
18 GeV 100 GeVep 100 fb 1: P4, P4, LP4

18 GeV 275 GeVep15.4 fb 1. P5, P5, LP5 :

For the highestIo

s but lower-luminosity families D5, LD5, P5 and LP5 we consider two data
sets: the nominal luminosity as indicated above and in Table Il, and the high luminosity
option denoted with an \HL" label with ten-fold higher statistics.

We use Eq. (44) to generatdNey, = 1000 pseudodata sets for each of the data families.

We then impose the following selection criteria o and Q?, and the inelasticity y:
x< 05 Q%> 100 GeV; Ol<y< 09 (56)

These restrictions are designed to remove large uncertainties from non-perturbative QCD
and nuclear dynamics that occur at lonQ? and high x, where sensivity to SMEFT e ects
is anyways expected to be reduced. We note that the condition gnwas already applied in

the data generation and unfolding stage as described in Section Il B.

B. Structure of the SMEFT asymmetry corrections

In the computation of SMEFT asymmetry values,Asyerr , We use the central mem-
ber of the PDF set under consideration. We use PDF sef$NPDF3dlo as_ 0118 [21] and
NNPDFpol11.00 [8] for the computation of unpolarizedA!, and polarizedA%,) PV asym-
metries, respectively. We factor out the ultraviolet (UV) cut-o scale from all the seven
Wilson coe cients, Cy ! Cy= 3y, and set yy =1 TeV. Kaan: We focuson-eneortwo
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Wilson-coe-cients—at-a-time-for-simplicity-of presentationWe turn on only one or two Wilson

coe cients at a time and set the remaining ones to zero and linearize SMEFT expressions
with respect to the Wilson coe cient(s) of interest. SMEFT asymmetry expressions then

generically take the form
Asvert (X; Q%) = AZL(X Q%) + C (x;Q%) (57)
or
Asverr (% Q%) = AZR%(X Q%) + C1 1(%,Q%) + C 2(x; Q%): (58)

Comparing Eqg. (57) to (44) or (45), we see that at the end of a multi-run analysis, the
distribution of the best-t values for any single Wilson coe cient should be a Gaussian

centered at the origin.

C. Best-t analysis of Wilson coe cients

Generating pseudo-data valuesAR'® and obtaining the SMEFT asymmetry expres-
sions,Asyerr , We de ne a 2 test statistic as

Moin Wpin h i h i

d d
2 Asverr o AZn° [( 2 Moy Asverra  Admp " (59)

b=1 =1
where Ny, is the number of bins in a given data set. Generically, it will look like

2(C) = ko + k,C + k,C? (60)
for a single-parameter t of Wilson coe cient C, or
?(C1; C2) = koo + k1oC1 + ko1Cp + ki1C1Cp + kpoCZ + ko2C2 (61)

for a two-parameter t of Wilson coe cients C; and C,. The 2 function is minimized with
respect toC or to C; and C,. This gives us the best- t values,C or C,; and C,. We obtain
the inverse square of the error of the single-parameter best- t value via
1_1e?
2 2dcz

evaluated atC. The inverse covariance matrixVV !, of the two-parameter t is constructed

(62)

in such a way that itsij " component is given by

1 @2

Ly, — =
v )I] 2@@@@

(63)
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ess fOr i;j = 1;2, evaluated at the best- t values ofC,; and C,. Inverting V 1, we obtain the

a1

eso Individual errors and the correlation of the t:

a

0 1
2
v=@* oA (64)
2 sym
660 1. Averaging over multiple pseudodata sets

661 When we repeatNe,, times the single-parameter best- t analysis described in Sec. VIC,

> we obtain Ngy, best-t values, Ce, with corresponding uncertainties, c., for each pseudo-

6

[}

s experimente. The mean of the best-t values is obtained by averaging individual best- t

6|

o

. values weighted by the inverse square of the uncertainties:

'
N(exp 1 yexp 1
C = 2 2 Ce 1 (65)

e=1 Ce e=1 Cie

6l

<3

sss and the average uncertainty of this mean value is obtained via

[

1 % g

iz (66)
C

5 -
NEXD e=1 Cie

s When we repeatNe,, times the two-parameter best-t analysis on Wilson coe cients de-

6

<)}

7 scribed in Sec. VIC, we obtainNey, pairs of best-t values, C;e and Cye, and inverse

6l

[}

s covariance matrices,Y !)e, for each pseudo-experimengt. The best- t values are averaged

o Similarly to the one-dimensional case but with the inverse square of uncertainties replaced

[

o by inverse covariance matrices:

0 1 n 2 0 13
o e T e

@A= " (v, 4 (v1,@A5 . (67)

2 e=1 e=1 C:Z;e

6

J

6

J

1 The average inverse covariance matrix of the resultant best t is calculated using

1 X

N exp o-q

v i= (V e (68)

2 We note the presence of the factor=INe, in Egs. (66) and (68). Without it, we would be

6

J

s e ectively increasing the luminosity of the corresponding central data set by factd¥e,,. We

6

J

e« avoid this by including this factor in computing the average uncertainty or inverse covariance

J

675 Matrix.

J
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676 2. De nition of con dence intervals

677 The result of a single-parameter multi-run t can be expressed as

w = 2 (69)
C

e78 SO We can express the tted result and the uncertainty of coe cientC as

p —
C = Chest 2 ¢ (70)

e7o  FOr a two-parameter multi-run t, the ellipse equation reads
0 1, 0 1

C C C C
@' YA yi1@?t A= 2 (71)

C. G, C. G
0 iN the (Cy;Cy) plane. The 2 values that determines the size of the best- t interval for an
2 arbitrary con dence level are well-known. For 95% CL, we have 2 = 3:841, 5991, and

ez (.815 for one-, two-, and three-parameter ts, respectively.

683 3. Combination of best- ts from distinct data sets

684 Suppose we have two data sets, say T1 and T2, from which we obtain the single-parameter
sss best- t values of Wilson coe cient, C, to be Cr; and Cr,, together with the errors ¢.r; and

s c.72- Assuming the said data sets can be treated uncorrelated to a good approximation,
7 We obtained the combined best- t value and the corresponding uncertainty by using Egs.
ses (65) and (66) with slight modi cations. Firstly, the summation index e now runs from

o 1 t0 2, representing number of data sets. Secondly, theNe,, factor should be removed

s0 from EQ. (66) because we now have indeed two independent (uncorrelated) measurements.
s1 This method can be generalized to the combination of the best- t values from more than
sz twoO data sets such as di erent beam energies, and to the case of multi-parameter ts in a

03 Straightforward manner.

694 4. Simultaneous t of Wilson coe cients and beam polarization or luminosity di erence

695 We observed in Section IV D that experimental uncertainties such as the beam polariza-

s tion and luminosity di erence betweene* and e runs can be limiting factors for some of
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the data sets. When the data statistical uncertainty is very precise, there is the possibil-
ity that one could use data themselves to constrain these systematic e ects. We present
in Appendix A2 a method to simultaneously t the SMEFT coe cient(s) and the beam
polarization for PV asymmetries, and in Appendix A1 a method to simultaneously t the

SMEFT coe cient(s) and the luminosity di erence for the LC asymmetries.

VIl. SMEFT FIT RESULTS

A. Fits of single Wilson coe cients

In this section, we discuss the 95% CL intervals for the Wilson coe cients in single-
parameter ts averaged over 1000 pseudo-experiments. The bounds on the Wilson coe -
cient C., across numerous data sets are representative and exhibit the common features of
single-parameter ts. We therefore show only the bounds 08, to illustrate the main ob-
servations and include the remaining Wilson coe cients in Appendix B 1. Figure 12 displays
the 95% CL intervals ofCg, for the four data families in which we are primarily interested
in this paper. The intervals are grouped by asymmetries, namely electron PV asymmetries
A(Pe\), of unpolarized hadrons (\unpolarizedApy "), hadron PV asymmetriesA(PHV) with unpo-
larized electrons (\polarizedApy "), and unpolarized electron-positron asymmetrie®\ c.4
of unpolarized hadrons (\lepton-chargeA"). PV asymmetries are then grouped into two,
showing the ts in the nominal- and high-luminosity scenarios. In each block of intervals,
there are four double lines in the case of PV asymmetries and four single lines in LC asym-
metries. These four lines correspond to the data families D4 (black and its shades), D5 (red),
P4 (blue), and P5 (orange). The darker of the two lines indicate the bounds from single-
parameter ts with the Wilson coe cient Cg,, whereas the lighter ones show the bounds
on the said Wilson coe cient from simultaneous (1 + 1)-parameter ts with Cg, and the
beam polarization. We describe the details of the ts involving the beam polarization as an

additional free variable in Appendix A 2.
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FIG. 12. 95% CL bounds ofC¢, from single-parameters ts (darker) and from the (1+1)-parameter

ts with beam polarization as an additional tting parameter (lighter) using the families of data

sets D4, D5, P4, and P5 at =1 TeV.

From Fig. 12, we can extract the following main points.

A

Proton asymmetries of all the three types, namely unpolarized and polarized PV asym-

metries and LC asymmetries, impose considerably stronger bounds than deuteron.

High-energy low-luminosity data sets D5 and P5 lead to slightly weaker bounds than

the less energetic but higher-luminosity ones, D4 and P4, respectively.

Unpolarized PV asymmetriesAY), o er much stricter bounds than the polarized ones
ASY); however, it should be noted that for some Wilson coe cients, unpolarized proton

asymmetries yield nearly the same bounds as the corresponding polarized ones.

Data sets in the high-luminosity scenario make a noticeable di erence in the size of
bounds. The improvement due to increased luminosity is slightly more signi cant for

polarized deuteron asymmetries.

Bounds from electron-positron asymmetrie®\ c.y are comparable to or looser than
the ones from polarized hadron asymmetries. Never do they o er stricter bounds than

high-luminosity hadron PV asymmetries.

If introducing the beam polarization as a new free tting parameter, unpolarized

hadron asymmetries give considerably stronger bounds. The improvement is more
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signi cant in the high-luminosity scenario. However, the same tting method yields

weaker bounds with polarized hadron asymmetries.

Assuming weak correlations, one can also combine the bounds within a given family of data
sets, e.g. D4, D4, and LD4. We nd that the resultant bound is never stronger than
the strongest one obtained from the individual family members, which is the electron PV
asymmetry data.

In Fig. 13, we present the e ective UV cut-o scales, P Ceu, With =1 TeV, corre-
sponding to the bounds shown in Fig. 12. The organization of this plot in terms of asym-
metries and data sets is the same as Fig. 12. Improved bounds©g, with the addition of
the beam polarization to the ts are equivalent to higher energy scales in the unpolarized
PV asymmetries, which are indicated by the lighter columns in the background; on the
other hand, weaker bounds from the ts with beam polarization are depicted by the lighter

columns in the foreground for the polarized PV asymmetries.

FIG. 13. E ective UV cut-o scales, :p Cy, de ned in terms of the 95% CL bounds on the Wilson

coe cients and with =1 TeV.

One can observe that scales reaching 3 TeV can be probed with nominal luminosity, while
scales exceeding 4 TeV can be probed for others. We remark that care must be taken in
comparing these mass limits with others found in the literature, which sometimes assume a
strong coupling limit equivalent to settingC; =4 and assume also maximally constructive
interference between di erent quark contributions. For example, converting our results to

the notation of [22] would yield a bound on P Cey 0f 19 TeV, instead of 3 TeV quoted here,
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_ P p—
which is only very approximate and is calculated by multiplying 3 TeV byp 4 and p—5
where the latter is to account for the constructive interference between quark contributions,
and by another factor to convert 90% CL to 95% CL.

B. Fits of two Wilson coe cients

In this section, we discuss ts on pairs of Wilson coe cients in order to determine how
well the EIC can break degeneracies between parameters that occur in the LHC Drell-Yan
data [23, 24]. We emphasize that just as we show only representative examples, these
examples are from the simultaneous ts with beam polarization in light of the results of
the one-parameter ts in the previous section. The description of the beam-polarization ts
is presented in Appendix A2. The complete set of plots of con dence ellipses are given in
Appendix B 2.

In Fig. 14, we compare the 95% CL ellipses for the paiC(,; Cqe) between the D4 and
P4 data families. Each asymmetry type gives a distinct correlation pattern, complementary
to one another. Electron-positron asymmetries give rise to wide and elongated, band-like
ellipses compared to PV asymmetries. As in the case of one-parameter ts, electron PV
asymmetries of unpolarized hadrons o er the strongest bounds on the pairs of Wilson coef-
cients. Comparing deuteron to proton, one can see that proton data are signi cantly more
constraining.

Figure 15 shows the comparison of the simultaneous t on the Wilson coe cients
(Ceu; Cy) projected for the EIC to the corresponding t with the LHC data adapted
from [24]. The LHC ts exhibit a at direction, i.e. a particular linear combination of the
two coe cients cannot be determined. A similar comparison is given in Fig. 16 for the
pair (Cey; C%)), using the nominal- and high-luminosity P4 set of the EIC. We observe that
in both gures, projected EIC ts have di erent correlation patterns from the LHC. More
importantly, the EIC projected data show the capability of resolving at directions and
signi cantly constraining the aforementioned pairs of Wilson coe cients.

Finally, in Fig. 17, we present ts from the P4 data set and the LHC adapted from [23],
for the pair (C$;CY). This gure shows that when the LHC data imposes tight bounds
on a pair of Wilson coe cients, the EIC preliminary data can introduce far stronger bounds

on the same pair of Wilson coe cients. Moreover, ts from EIC and LHC have distinct
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FIG. 14. 95% CL ellipses for the Wilson coe cients Cey and Cqe using the families of data sets D4
and P4 in the simultaneous (2 + 1) ts that includes the beam polarization as an additional free

tting parameter.

correlations, which indicates the complementarity of the EIC to the LHC as a future collider.
Treating the projected EIC and the LHC data to be uncorrelated, we also plot the combined
t of the two, which turns out to even more strongly constrain the chosen pair of Wilson
coe cients. We remark that the e ective UV scales probed with the combined data set
exceed 2 TeV.

It should be noted that there appear at directions in the ts of certain pairs of Wilson
coe cients with the projected EIC data that utilize the deuteron beam. Examples include
(Ceu; Ceq) and (C-y;Cq). We can explain these observations analytically. We nd that
these pairs always appear in a speci ¢ way in asymmetry expressions; to wi€g Cgq for
electron PV asymmetries with unpolarized deuteron. In all such cases only one of the data
families exhibits this behavior, with the degeneracy broken by another data family.

Our results on the bounds from Wilson coe cients in simultaneous (2 +1)-parameter ts

with the beam polarization as an additional parameter can be summarized as follows:
" Proton asymmetries impose much stricter bounds than deuteron.

" Unpolarized hadron asymmetries lead to stronger correlations than polarized ones.
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FIG. 15. 95% CL ellipses for the Wilson coe cients Ce, and Cqe using the data sets D4 and P4
in the (2+1) tthat includes the beam polarization as an additional tting parameter, compared

with the corresponding two-parameter t from the LHC data [24].

" The three types of asymmetries of deuteron and proton considered in this work, to-
gether with the LHC data, are complementary to each other in the sense that they

o er distinct correlation patterns.

" The projected EIC data are capable of resolving all at directions that appear in the
LHC Drell-Yan data.

" The bounds from the projected EIC data can be much stronger than the LHC data,

advertising the EIC as an excellent future collider.

VIIl.  CONCLUSIONS

In this manuscript we have analyzed the potential of testing the electroweak SM and
exploring BSM physics of the future EIC. We have focused on the precision determination
of the weak mixing angle over a wide range of momentum transfers, and probes of heavy new
physics. We have provided all formulae for NC DIS and simulation details that will be needed

for future studies of these areas. Our BSM analysis utilizes the model-independent SMEFT
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FIG. 16. 95% CL ellipses for the Wilson coe cients Cg, and C%) using the nominal- and high-
luminosity data set P4 in the (2+1) t that includes the beam polarization as an additional tting

parameter, compared with the corresponding two-parameter t from the LHC data [23].

framework, and focuses on the semi-leptonic four-fermion operator sector of the theory. We
translate our formalism into the DIS language in terms of parity couplings and structure
functions to facilitate communication between the high energy and medium energy physics
communities. We provide a detailed accounting of uncertainties from statistics, experimental
systematic e ects, beam polarimetry for PV asymmetries, QED higher-order corrections for
LC asymmetries, and nally from PDFs. Additionally, we explore simultaneously tting
the beam polarization with the anticipated high-precision PV asymmetry data as a possible
analysis technique to improve upon the experimental limitation from beam polarimetry.

Our BSM analysis nds that UV scales in excess of 3 TeV can be probed with the currently
planned (nominal) annual luminosity of the EIC, with scales above 4 TeV possible with a
ten-fold high luminosity upgrade. The most stringent bounds come from polarized electron
scattering o of unpolarized protons. Constraints from polarized hadrons, deuterons, and
from a possible future positron beam provide important complementary probes. Our com-
plete study of correlations between Wilson coe cients nds that no degeneracies remain
upon combining all EIC data sets. This is not the case with LHC Drell-Yan measurements,

in which numerous degneracies exist, and will continue to occur even after LHC's high lu-
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FIG. 17. 95% CL ellipses for the Wilson coe cients C%) and Cfg) using the nominal-luminosity
data set P4 in the (2+1) t that includes the beam polarization as an additional tting parameter,

compared with the corresponding t from the LHC data [23], and the combined t of the two.

minosity running. This demonstrates that although the EIC is primarily thought of as a
QCD machine, it is in fact a powerful probe of potential BSM e ects with a broad coverage
of heavy new physics parameter space, and is in many ways competitive with the higher
energy LHC. We hope that our work motivates future studies of the unexpected power of

the EIC for new physics searches.
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Appendix A: Additional ts
1. Luminosity di erence ts

Since electron and positron data would be taken at di erent times with di erent beam
con gurations, there is the possibility of a signi cant o set between the absolute luminosities
of the two data sets. In the main text, we include this uncertainty in the error matrix as
the luminosity error, ,m = 0:02, which is assumed absolute. We study here the possibility
of simultaneously tting this luminosity di erence together with the Wilson coe cients.

We t the pseudodata for the LC asymmetries with an overall shift, A, added to the
pseudo-data. Then, we de ne the 2 test statistics as

Noin Wpin
= [AsMEFT ;b Aéiif’b“][(“‘z) oslAsverT 40 AESN?;L:)%O] (AL)
b=l bP=1

2

where we omit the uncertainty in the luminosity di erence betweere® and e runs from

the uncertainty matrix:
~2= 2 . (A2)

However, we keep the luminosity uncertainty in the pseudo-data generation. By introducing
the luminosity di erence, A, as a new variable, we extend our one-parameter and two-
parameter Wilson-coe cient ts to (1 + 1)-parameter and (2 + 1)-parameter ts.

We nd that there are mild correlations, | «j . 0:4, betweenA,, and any Cy in the
(1+1)and (2+1) ts. In addition, the tted results for Wilson coe cients have slightly
larger uncertainty when the luminosity di erence is treated as a tting parameter. In Fig.
18, we show the 95% CL intervals with and withouf,,,, for the Wilson coe cient Cg, in all
the four LC asymmetry data sets. In Fig. 19, we compare the 95% CL ellipses of the Wilson
coe cients (Cey; Cqe) With the data sets LD4 and LP5 with and without the luminosity
di erence as a tted parameter. From these gures, we see that the 95% CL bounds @,

become 15 to 20% weaker. The di erence is less noticeable in the con dence ellipses.

2. Beam polarization ts

In the same spirit as the previous section, we now consider tting the beam polarization

simultaneously with the Wilson coe cients in an attempt to reduce the uncertainty asso-
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FIG. 18. Comparison of the bounds in single-parameter ts of Wilson coe cient Cg, with all the
LC asymmetry data sets in the absence and presence of the luminosity di erence as a new free

tting parameter.

ciated with the experimental limitation from beam polarimetry. We t the pseudodata for
the PV asymmetries by including a factor oP in the SMEFT asymmetries. We then de ne

a 2 test statistics as

2 Xbin Xbin seudo 2y 1 seudo (P P)z
= [P AsmerT b AEM;b 1I(T°) “low[P AsmerT 1 AFS’M;bo ]+ “p2 :
b=l bP=1

(A3)

In this approach, we omit the beam polarization uncertainty, ,,, from the uncertainty

matrix because it is now treated as a tting parameter:

~2 - 2

= (A4)

pot! 0

but not during pseudo-data generation. The second term on the RHS of Eq. (A3) is added
by hand, whereP and P are the beam polarization value and its uncertainty provided
by the polarimetry, presumably uncorrelated to the asymmetry measurements. The logic
behind this addition is that experimentally, the polarimetry does provide knowledge on the
beam polarization, but we hope to obtain a better determination of the polarizations within
the uncertainty provided by the polarimetry, by tting data with high statistical precision.

As for the beam polarization itself, we use a normalized value & = 1 in this study for
simplicity. Treating the new term to be the contribution of a new observable, we increase the

degrees of freedom of the? distribution by 1. As in the case of luminosity di erence ts,

49



864

865

866

867

868

869

870

871

872

873

874

875

FIG. 19. Comparison of the 95% CL ellipses for the Wilson coe cients (Cey; Cqe) With the data
sets LD4 and LP5 in the absence and presence of the luminosity di erence as an additional free

tting parameter.

we extend our 1- and 2-parameter ts of Wilson coe cients to (1+1)- and (2+1)-parameter

simultaneous ts by including the beam polarization as a new variable.

From (1 +1) ts, we nd that P and any Cy are rather weakly correlated, xj . 0:1,
in the polarized hadron data sets, whereas there are strong correlationssj & 0:7, in the

unpolarized hadron asymmetries. We observe similar correlations in the (2 +1) ts.

In Fig. 20, we present the allowed intervals of the Wilson coe cienCg, for the nominal-
and high-luminosity data sets P4 and P4, while Fig. 21 displays the 95% CL ellipse of the
Wilson coe cients (Cey; Cqe) for the same data sets in the nominal-luminosity scenario. We
nd that bounds from unpolarized hadron data sets become stronger by 30 to 50%, yet the
ones from polarized hadron asymmetries become 15 to 20% weaker. The improvement is
sharper in the high-luminosity unpolarized hadron sets, whereas the worsening is signi cant

for the nominal-luminosity polarized hadron sets.
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FIG. 20. 95% CL bounds on the Wilson coe cient Cg, with the nominal- and high-luminosity
data sets P4 and P4 in the absence and presence of the beam polarization?, as an additional

free variable in the ts.

FIG. 21. 95% CL ellipse of the Wilson coe cients Cey and Cqe for the data sets P4 and P4 in

the absence and presence of the beam polarizatio®,, as a new free variable in the ts.

876 One can explain why the bounds become weaker in the polarized hadron sets by referring
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77 t0 the correlations. Since in these data sets, the beam polarization and the Wilson coe cients
s7s are found to be weakly correlated, one would naively expect the bounds obtained from single-
g0 parameter ts of Wilson coe cients to roughly remain the same on the grounds thaP and

ss0  Cy can be thought of almost fully independent so that they will not a ect each other in the
ss1  tS. Thus, any increase in the allowed limits of Wilson coe cient can be attributed to the

sz INCrease in the number of parameters tted, which is re ected as the normalization of the

g3 uncertainties of the t.

8|

@
i

Appendix B: Complete set of tted results on Wilson coe cients

885 1. Fits of single Wilson coe cients

886 In this section, we present the 95% CL intervals and the corresponding e ective UV

ss7 CUt-0 scales for all the seven Wilson coe cients in single-parameter ts averaged over

@

s 1000 pseudo-experiments. For the self-containment of this section, we remind the following

8

o]

o abbreviations for the EIC preliminary data sets:

8

®

@~ electron PV asymmetriesAlS), of unpolarized deuteron:

891 { D4: eD 10 GeV 137 GeV, 100 fbl

892 { D5:eD 18 GeV 137 GeV, 1% fb 1!

893 " electron PV asymmetriesA(Pe\), of unpolarized proton:

894 { P4:epl10 GeV 275 GeV, 100 fb?

895 { P5: ep 18 GeV 275 GeV, 1% fb 1

896 " hadron PV asymmetriesA(PHV) with unpolarized electron: D4, D5, P4, and P5

897 with the same energy and luminosity con guration as the corresponding D- and P-sets
898 ~ unpolarized electron-positron asymmetries of unpolarized hadroAsc., : LD4, LD5,

899 LP4, and LP5 with the same energy con guration as the corresponding D- and P-sets,
900 but the luminosity of the positron beam is assumed to be 10 times smaller than that
901 of the electron beam.
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Figures 22{28 display the 95% CL bounds of each Wilson coe cient for the four data
families in which we are primarily interested in this work. As in the main part of the
manuscript, the intervals are grouped by asymmetries, namely electron PV asymmetries of
unpolarized hadronsA(Pe\), (\unpolarized Apy"), hadron PV asymmetries with unpolarized
electrons (\polarized Apy "), and unpolarized electron-positron asymmetries of unpolarized
hadronsA.c.y (\lepton-charge A"). PV asymmetries are then grouped into two, showing
the ts in the nominal- and high-luminosity scenarios. The nominal luminosity (\NL")
refers to the annual integrated luminosity of Table 10.1 of YR [6]. The high luminosity
(\HL") is assumed to be 10 times higher than the nominal one and requires a luminosity
upgrade of the EIC. In each block of intervals, there are four double lines in the case of PV
asymmetries and four single lines in LC asymmetries. These four lines correspond to the
data families D4 (black and its shades), D5 (red), P4 (blue), and P5 (orange). The darker of
the two lines indicate the bounds from single-parameter ts with the Wilson coe cientCy,
whereas the lighter ones show the bounds on the said Wilson coe cient from simultaneous
two-parameter ts with Cy and the beam polarization. The details of the ts involving the

beam polarization as an additional free variable are described in Appendix A2.

FIG. 22. 95% CL bounds ofCg, from 1l-parameter ts (darker) and from simultaneous (1 + 1)-

parameter ts with beam polarization (lighter) using the families of data sets D4, D5, P4, and P5.
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FIG. 23. The same as in Fig. 22 but forCgq.

FIG. 24. The same as in Fig. 22 but forCﬁs).

FIG. 25. The same as in Fig. 22 but forC\(g).

54



FIG. 26. The same as in Fig. 22 but forC-.

FIG. 27. The same as in Fig. 22 but forC-y.

FIG. 28. The same as in Fig. 22 but forCge.
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In Figs. 29{35, we present the e ective UV cut-o scales, P Cy, with =1 TeV,
corresponding to the bounds shown in Figs. 22{28. The organization of these plots in terms
of asymmetries and data sets is the same as the one in Figs. 22{28. Improved bounds on
Cx with the addition of the beam polarization to the ts are equivalent to higher energy
scales in the unpolarized PV asymmetries, which are indicated by the lighter columns in
the background; on the other hand, weaker bounds from the ts with beam polarization are

depicted by the lighter columns in the foreground for the polarized PV asymmetries.

FIG. 29. E ective UV cut-o scales, =p Ceu, de ned in terms of the 95% CL bounds on the
Wilson coe cient Cg, with =1 TeV. The darker columns in the foreground of unpolarized PV
asymmetries and in the background of polarized PV asymmetries indicate the results of single-
parameter ts on the Wilson coe cient, Cg,, Where the lighter columns in the background of
unpolarized PV asymmetries and in the foreground of polarized PV asymmetries denote the results

of simultaneous (1 + 1)-parameter ts of Cg, with the beam polarization, P.
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